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was to evaluate the integration rearrangements in unilateral
vestibular hypofunction (UVH) during age-related cognitive
decline.
Study Design: Cross-sectional study.
Setting: Longitudinal cohort study unit and of University
tertiary referral center.
Patients: Older UVH individuals � 55 years with Mild
Cognitive Impairment (MCI) or Alzheimer Disease (AD) and
matched UVH control group with age-appropriate cognitive
function.
Intervention: Vestibulo-ocular reflex, postural sway exami-
nation (respectively performed by means of video head
impulse test and static posturography), and dizziness-related
and quality of life scores were collected in all three groups
of UVH patients cognitively evaluated by means of Mini
Mental State Examination and Alzheimer’s Disease Assess-
ment Scale (ADAS-cog).
Main Outcome Measures: Vestibulo-ocular reflex gain,
length, surface, and spectral values of body oscillation were
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ic Gait Index scores
were collected.
Results: A significant ( p< 0.05) increase in surface and
length values during both eyes closed and eyes open
conditions was found when comparing scores for AD to both
MCI and control group patients, respectively. These patients
demonstrated significantly ( p< 0.05) lower spectral values
of body oscillation on posturography platform in both eyes
closed and eyes open condition within the low-frequency
interval than MCI and AD patients.
Conclusion: This is the first study reporting an association
between cognitive decline and posturography parameters with
possible preventive clinical implications in evaluating the risk
for falls in high-risk patients, such as older adults with
common neuro-otological disorders. Key Words: Aging—
Alzheimer disease—Cognitive decline—Mild cognitive
impairment—Vestibular hypofunction—Video head impulse
test.

Otol Neurotol 39:xxx–xxx, 2018.
ized by a restriction of independent vestibular disorders occur in more tha
Aging is character
movements and loss of balance, which ultimately lead to
disability in frail older adults (1). Understanding the pro-
gressive loss of postural homeostasis during senescence has
been proposed as a predictive model to prevent age-related
frailty (1). The postural system relies on several sensory
modalities (somatosensory, visual, and vestibular), an inte-
grating control center and a motor-efferent response (1).
These networks are affected by aging and this causes an
impairment of the ability to maintain stance (2). Recent
epidemiological studies suggest that in the U.S.A.,
n 35% of adults aged
40 or older (3) and—among 3.9 million patients visiting a
Hospital Emergency Department for dizziness or vertigo in
2011—in 25.7% of the patients this was attributed to
otological/vestibular causes (4). However, although the
immediate and most obvious effects of poor vestibular
function are oscillopsia and ataxia (5), vestibular dysfunc-
tion results in a complex neurological syndrome whose
boundaries may include not only reflex deficits, but also a
wide spectrum of spatial memory impairment, autonomic,
and anxiety disorders (6,7).

The vestibular system encodes angular and linear
acceleration of the head in three dimensions and, in
addition to generating the vestibulo-ocular reflex
(VOR) and vestibulo-spinal reflex, it provides the brain
with information about self-motion that can be used to
navigate through the environment and form spatial mem-
ories (6,8). Thus, losing sensors for motion and tilt
detection unavoidably leads to a loss of functionality
horized reproduction of this article is prohibited.
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TABLE 1. Clinical and socio-demographic aspects of UVH elderly, mild cognitive impairment (MCI), and Alzheimer’s disease (AD)
participants

Elderly (n¼ 23) MCI (n¼ 24) AD (n¼ 24)

Age (yr) 75.5� 4.8 74.4� 4.9 75.9� 4.5

Male 11 10 11

Female 12 14 13

VOR gain (mean�SD) of the affected side R (n¼ 12)¼ 0.63� 0.04
L (n¼ 11)¼ 0.64� 0.04

R (n¼ 13)¼ 0.63� 0.03
L (n¼ 11)¼ 0.65� 0.03

R (n¼ 14)¼ 0.61� 0.02
L (n¼ 10)¼ 0.64� 0.04

ET (yr) 16.8� 5.7 17.4� 5.6 16.7� 6.2

DD (mo) — 22.4� 5.3 27.5� 3.5

MMSE 28.1� 1.3 25.6� 1.3 19.1� 2.3

ADAS-cog (orientation subscale) 7.2� 0.6 5.1� 0.8 2.7� 1

Education level
< 4 yr 4 4 3

5–7 yr 9 8 10

8–13 yr 6 7 6

> 14 yr 4 5 5

UVH etiology
Neuronitis 14 15 14

AN 4 2 3

Previous petrous 2 5 3

Previous cochlear 2 1 2

Ramsay hunt 1 1 2

DD indicates time from diagnosis of MCI or AD (disease duration); ET, time from diagnosis of UVH (elapsing time); R, right; L, left; VOR,
vestibulo-ocular reflex; MMSE, mini-mental state exam; ADAS-cog, Alzheimer’s Disease Assessment Scale orientation-related subscale; AN,
acoustic neuroma; petrous, petrous surgery; cochlear, cochlear surgery.
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and cannot be compensated by other sensory systems that
do not have sufficient sensitivity for the higher frequency
signals (9). Many experimental and clinical studies have
reported spatial memory, attention deficits, and cognitive
dysfunction as both indirect consequences and glancing
phenomena of symptoms, such as vertigo or chronic
vestibular loss in patients with different kinds of vestib-
ular disorders (9–12).

Therefore, a permanent unilateral (UVH) or bilateral
vestibular hypofunction has been suggested to lead not
only to a permanent reduction of automatic image stabi-
lization during head movement (i.e., oscillopsia, reduc-
tion of dynamic visual acuity), but also to a permanent
loss of automatic postural control and of automation of
spatial orientation (7,8,10,12). The continuous and
intense extra cognitive load needed for compensatory
vision, balance, and orientation leads to fast fatigue,
which is a major problem in patients with permanent
vestibular deficits (9).

Based on this evidence, it has been suggested that
vestibular dysfunction could be a risk factor for cognitive
decline, especially in older adults (10,13). Among many
hypotheses that have been suggested, the best supported
explanation concerns substantial degeneration in Alz-
heimer disease (AD) patients (14,15) of the anterior
hippocampus within which the projection of vestibular
information has been reported to be greatest.

Nevertheless, the link between vestibular dysfunction
and senescence is still a matter of debate, also due to the
fact that no study up to now has investigated the func-
tional consequences of vestibular impairment occurring
Copyright © 2018 Otology & Neurotology, Inc. Unauthorized

Otology & Neurotology, Vol. 39, No. xx, 2018
within aging-related cognitive decline, including AD and
mild cognitive impairment (MCI). Therefore, the aim of
the present study was to investigate how central sensory
integration strategies may react differently to UVH in
elderly patients affected by MCI and AD.

METHODS

Subjects
One thousand seven hundred and thirty-eight MCI or AD

participants were recruited from the UNITER Center for Reha-
bilitation, a regional institutional interdisciplinary disorder
clinic, after their enrolment in the local longitudinal cohort
study of aging. Among them, 53 patients suffering from UVH
were screened from December 2014 until February 2017: 27
were classified as MCI and 26 as AD patients (Table 1). The
inclusion criteria were as follows: 1) age � 55 years; 2)
diagnosis of MCI or AD; 3) Mini-Mental State Exam (MMSE)
score �11; 4) fluency in Italian; and 5) ability to obtain
informed consent from the participant or legally authorized
representatives. The National Institute on Aging/Alzheimer’s
Association diagnostic criteria were used for the diagnosis of
MCI and AD and applied by a skilled clinician (16,17). The
MMSE cut-off score was chosen based on selective criteria for
moderate-to-severe cognitive impairment (18). Data from 23
age-, sex, and education-matched UVH older adults with age-
appropriate cognitive function—serving as control group—
were extracted from a Tor Vergata University Hospital database
that evaluated a cross-section sample of participants who
underwent vestibular testing. The severity of dementia-related
orientation behavior was also graded according to the Alz-
heimer’s Disease Assessment Scale (ADAS-cog) orientation
subscale in all the three groups (19).
 reproduction of this article is prohibited.
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According to accepted criteria (20), the diagnosis of chronic
UVH was achieved by responses to bithermal water caloric
irrigations, with at least 25% reduced vestibular response on one
side when calculated by means of Jongkees’ formula (21) at
least 3 months after the onset of symptoms.

Individuals were excluded if they were unable to understand the
examination procedures, or were unable to participate in study
procedures because of physical conditions, such as blindness, poor
neck range of motion, or cervical spine instability. Demographic
information (age, sex, and education) was extracted from the
patients’ charts. Education was classified as less than 4, 5–7,
8–13, or higher than 14 years. Clinical history of all the study
subjects did not record falls, or relevant cardiovascular, metabolic,
rheumatologic, orthopedic, or other neurological conditions (22).
The study was approved by the University Hospital Institutional
Review Board, it adhered to the principles of the Declaration of
Helsinki and all the participants provided written informed consent
after receiving a detailed explanation of the study.

After a thorough clinical otoneurological examination
(including pure-tone audiometry and impedance, binocular
electrooculography analysis with positional maneuvers, Head
Shaking Test, clinical Head Impulse Test as well as limb
coordination, gait observation, and Romberg stance Test)
(23), all UVH subjects underwent the following.

Otoneurological Testing

Video Head Impulse Testing (vHIT)
For vHIT measurements the EyeSeeCam System (24) and

the technique proposed in previous studies were used (23,25).
The vHIT results were classified as abnormal if two conditions
were met: abnormal gain according to the calculated normative
data and presence of refixation saccades (revealed by visual
inspection, according to Blodow et al. (25)). With the manufac-
turer’s software (OtoAccess), both side median (med) values
recorded at 60 milliseconds were extracted on .xls files for raw
analysis. In line with previous procedures (23,25,26), diagnosis of
UVH was confirmed in the present cohort in case of gain
below 0.83 and 0.84 for the right and left sides respectively,
calculated as the lower cut-off value of the gain-reference range
(meannormal� 2(standard deviations; SD) equal to 0.91� 2(0.04)
and 0.90� 2(0.03) for the right and left sides respectively),
incorporating 95% of healthy population, age, and sex matched
with the current population of patients (23,25,26) and including
153 normal volunteers in our laboratory.

Static Posturography Testing
Each patient was instructed to keep an upright position on a

standardized platform for static posturography (EDM Euro-
clinic). The recording period was 60 seconds for each test (eyes
closed or open while standing on the stiff platform) and the
sampling frequency in the time domain was 25 Hz (23,26,27).
The center of pressure was monitored, while performing the test.
The posturographic parameters considered in our study were the
trace length (length), the surface of the ellipse of confidence
(surface), and the fast Fourier transform (FFT) elaboration of
oscillations on both the X (right-left) and Y (forward-backwards)
planes (23,26,27). Time-domain oscillation signals (X and Y)
were extracted from the original manufacturer’s software into .txt
format and the FFT elaborations were gained through a core
function implemented on Matlab space (Appendix A). Spectral
values (power spectra, PS) of body oscillations were quantified
on an .xls file, for every frequency from 0.0122 to 4.9927 Hz
(23,26,27). As in previous experiences (23,26,27), we subdivided
the frequency spectrum into three groups: 0.0122 to 0.6958 Hz
Copyright © 2018 Otology & Neurotology, Inc. Unaut
(low-frequency interval); 0.708 to 0.9888 Hz (middle-frequency
interval); 1.001 to 4.9927 Hz (high-frequency interval). Within
each group, the spectral intensity was determined by adding the
relative PS and the group mean PS (�SD) (23,26,27). Normative
posturography and PS values, regarding 153 age- and sex-
matched healthy volunteers (82 females, 71 males; mean age
74.8� 4.6 yrs) and included in the Tor Vergata University
Hospital database, are reported in Table 2.

Self-report (SRM) and Performance Measure (PM)
1) The Italian Dizziness Handicap Inventory (DHI) version
hor
ize
comprises 25 questions designed to assess a patient’s
functional (DHI-F; 9 questions), emotional (DHI-E; 9
questions), and physical (DHI-P; 7 questions) limitations
on a three-point scale (28).
The Activities-specific Balance Confidence scale (ABC)

was used to record the patient’s perceived level of
balance confidence during 16 daily living activities
ranging from 0 to 100% (29,30).
The Dynamic Gait Index (DGI) examined a person’s

ability to perform various gait activities such as walking
with head turns and avoiding obstacles (30,31). The
scale has eight items and each item is scored from 0
to 3 (29–31).
Data Handling and Statistical Analysis
The x2 test was carried out to define associations between

categorical factors and groups. Mean and standard deviations
(SDs) of otoneurological, SRM/PM scores and neuropsycho-
logical measures were calculated in all groups.

To assess that data were of Gaussian distribution, D’Agos-
tino K squared normality and Levene’s homoscedasticity test
were applied (where the null hypothesis is that the data are
normally and homogeneously distributed).

A mixed analysis of variance was performed with the groups as
between factors for each otoneurological and SRM/PM variable.
Sex, age, neuropsychological measures, MCI and AD disease
duration (DD, in months), elapsing time (ET, in yr) between UVH
and MCI or AD diagnosis were treated—where possible—as
categorical and continuous predictors. The significant cut-off
level (a) was set at a p value of 0.05. Bonferroni correction for
multiple comparisons was used for the post hoc test of the
significant main effects and the corrected level of significance
was set at 0.0083 (0.05/6) since the comparisons of each variable
were performed two times in each group.

Then, considering the exploratory nature of the study and the
homoscedasticity of vestibular weakness between the three
groups of patients, a two-tailed Spearman’s rank correlation
was performed between significant otoneurological scores (sur-
face, length, and PS values on X and Y planes respectively
recorded in both eyes closed and eyes open conditions within
the low-frequency interval), and SRM/PM scores (total DHI,
ABC, and DGI) and neuropsychological measures (MMSE and
ADAS-cog), considering UVH patients values as ‘‘a contin-
uum.’’ Thus, given the large sample size of this group and the
two-tailed nature of the test, a significant cut-off level (a) was
set at a p value of 0.05 (STATISTICA 7 package for Windows).

RESULTS

Subjects
Among MCI/AD UVH patients (n¼ 53), one MCI

patient did not report VOR gain below the calculated
reference range when undergoing vHIT, two people with
d reproduction of this article is prohibited.

Otology & Neurotology, Vol. 39, No. xx, 2018



CE: D.C.; ON-17-636; Total nos of Pages: 9;

ON-17-636

TABLE 2. Significant between-group effects of main otoneurological and self-report (SRM) and performance measure (PM)
variables in unilateral vestibular hypofunction (UVH) elderly, mild cognitive impairment (MCI), and Alzheimer disease (AD)

participants

Elderly MCI AD

Between-Effect Significance

Normative Data

Mean SD Mean SD Mean SD Mean SD

Otoneurological testing
Low frequency interval PS
CE X 8.54 1.89 10.51 0.99 11.86 1.15 F (2, 68)¼ 33.575, p < 0.001 4.75 2.45

CE Y 8.38 1.76 10.48 1.14 11.93 1.16 F (2, 68)¼ 39.138, p < 0.001 3.21 1.16

OE X 5.97 0.58 6.89 0.84 7.89 0.81 F (2, 68)¼ 37.549, p < 0.001 4.99 2.29

OE Y 5.08 0.49 5.74 0.55 6.48 0.65 F (2, 68)¼ 34.981, p < 0.001 4.24 2.13

Surface
CE 1696.07 446.38 2091.94 312.91 2429.76 293.27 F (2, 68)¼ 34.983, p < 0.001 612.35 186.6

OE 746.25 228.63 892.2 173.34 1173.01 149.57 F (2, 68)¼ 32.060, p < 0.001 409.79 133.1

Length
CE 968.24 180.47 1133.13 127.8 1270.92 89.26 F (2, 68)¼ 28.727, p < 0.001 739.69 151.23

OE 644.65 112.48 756.02 113.71 889.86 112.58 F (2, 68)¼ 27.801, p < 0.001 512.83 103.75

SRM/PM
DHI-P 18.17 4.26 21.91 4.8 25.08 2.56 F (2, 68)¼ 28.749, p < 0.001

DHI-E 22.69 3.49 26.08 3.51 30.16 3.53 F (2, 68)¼ 26.650, p < 0.001

DHI-F 20.66 5.41 24.75 3.52 29.91 3.25 F (2, 68)¼ 29.651, p < 0.001

Total DHI 62.52 4.9 72.75 4.74 85.16 5.95 F (2, 68)¼ 110.40, p < 0.001

DGI 11.95 1.71 10.25 1.98 6.29 1.8 F (2, 68)¼ 58.913, p < 0.001

ABC 63.78 5.44 57.04 5.62 48.04 5.62 F (2, 68)¼ 47.327, p < 0.001

Significant exact p values in the text.
PS indicates power spectra; OE, open eyes; CE, closed eyes; X, X plane; Y, Y plane; DHI, dizziness handicap inventory; physical (P),

emotional (E) and functional (F) subscale; ABC, activities-specific balance confidence scale; DGI, dynamic gait index; SD, standard deviation.
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MCI referred anamnestic alcohol abuse and antidepres-
sant drug administration, and two AD patients reported
history of diabetes; thus they were all excluded. In the
end, 24 MCI (14 females, 10 males; mean age 74.4� 4.9
yr) and 24 AD (13 females, 11 males; mean age
75.9� 4.5 yr) UVH patients met the eligibility criteria
and were included in the study (Fig. 1). Table 1 reports
the main clinical and socio-demographic variables of the
subjects in both the groups.

Otoneurological Testing
When comparing ipsilesional VOR gain of the affected

side, no different effect between groups was found
(Table 1).

When comparing the AD and MCI scores, a Bonfer-
roni corrected post hoc comparison found a significant
increase in surface and length values during both eyes
closed ( p¼ 0.0053 and p¼ 0.0061, respectively) and
eyes open (0.0059 and p¼ 0.0056, respectively) condi-
tions. A significant increase in the same measures during
both eyes closed ( p¼ 0.0047 and p¼ 0.0058, respec-
tively) and eyes open ( p¼ 0.0043 and p¼ 0.0045,
respectively) conditions was also found when comparing
AD to UVH control group subjects. No significant
between-group effect was found after correction when
comparing MCI to the control group posturography
parameters (Table 2, Fig. 2).

Regarding the FFT analysis, in UVH control group
subjects, the Bonferroni correction found significantly
lower PS values in both eyes closed and eyes open
Copyright © 2018 Otology & Neurotology, Inc. Unauthorized
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conditions on X ( p¼ 0.0064 and p¼ 0.0070, respectively)
and Y ( p¼ 0.0068 and p¼ 0.0072, respectively) planes in
the low frequency interval compared with MCI patients.
Compared with AD patients, the UVH control group
subjects demonstrated significantly lower PS values in
this frequency interval in both eyes closed and eyes open
conditions on X ( p¼ 0.0056 and p¼ 0.0059, respectively)
and Y ( p¼ 0.0051 and p¼ 0.0063, respectively) planes.
Finally, MCI patients were found in the same interval to
have significantly lower PS values in both eyes closed and
eyes open conditions on X ( p¼ 0.0064 and p¼ 0.0068,
respectively) and Y ( p¼ 0.0063 and p¼ 0.0074, respec-
tively) planes with respect to AD subjects (Table 2, Fig. 2).

No significant differences were found between groups
in PS values within the middle and high frequency
interval.

SRM and PM
UVH control group subjects demonstrated significantly

lower values in DHI-P, DHI-E, DHI-F, and total scores,
compared with AD ( p¼ 0.0054, p¼ 0.0062, p¼ 0.0050,
p¼ 0.0048, respectively) and MCI ( p¼ 0.0059,
p¼ 0.0067, p¼ 0.0062, p¼ 0.0053, respectively) patients;
MCI patients were found to have significantly lower
values in such measurements compared with AD patients
( p¼ 0.0062, p¼ 0.0069, p¼ 0.0064, p¼ 0.0058, respec-
tively). These patients demonstrated significantly lower
values in DGI scores compared with MCI ( p¼ 0.0066)
and control group subjects ( p¼ 0.0072). No significant
differences were found within these measures when
 reproduction of this article is prohibited.
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FIG. 1. Flow-diagram of participants in the study, randomization procedure and main outcomes. UVH indicates unilateral vestibular
hypofunction; MCI, mild cognitive impairment; AD, Alzheimer’s disease; vHIT, video-head impulse test.

VESTIBULAR HYPOFUNCTION AND COGNITIVE DECLINE 5
comparing MCI and control group subjects. Finally, ABC
scores were significantly higher in this group compared
with both MCI ( p¼ 0.0071) and AD (0.0063) patients; the
AD group demonstrated significantly lower values
( p¼ 0.0069) on this scale when compared with MCI
patients.

Correlation Analysis
Table 3 and Figure 3 represent r-values and single-case

plotted scatterplots of correlation analysis respectively,
which highlighted a significantly positive correlation
between MMSE and ADAS-cog and significantly nega-
tive correlations between both these two scales and
surface in closed eyes condition. Moreover, the correla-
tion analysis between PS values within low-frequency
interval on the Y plane in closed eyes condition and total
DHI scores is represented.
Copyright © 2018 Otology & Neurotology, Inc. Unaut
DISCUSSION

The first interesting finding reported in the present
study is the significant increase in posturography param-
eters found in UVH patients affected by AD compared
with those affected by MCI and control group subjects.
Although the relationship between AD and gait distur-
bances has been established in several surveys (revealing
a greater frequency of falls and fractures in these patients
than in control populations) (32,33), to our knowledge
this is the first study that has shown a strong link between
vestibular weakness and cognitive decline in an elderly
population.

Consistently with these postural changes, AD patients
demonstrated significantly higher PS values within a
low-frequency interval on the X and Y planes in both
closed and open eyes conditions compared with both
horized reproduction of this article is prohibited.
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FIG. 2. Mean and standard deviations of significant posturography and power spectra values in unilateral vestibular hypofunction (UVH)
elderly, mild cognitive impairment (MCI), and Alzheimer’s disease (AD) patients. Brackets with asterisks indicate significant post hoc
comparisons between groups. CE indicates closed eyes; OE, open eyes; X, X plane; Y, Y plane.

6 A. MICARELLI ET AL.
MCI and control group subjects, who also demonstrated
significant differences when compared with each other.
In fact, although different frequency domain partitions
have been proposed in the literature (34,35), increases in
FFT PS values within this interval are recognized to be
mainly under visuo-vestibular control (23,27,34,36,37)
and patients with increased peripheral vestibular deficits
(i.e., vestibular neuritis, Meniere’s disease) were shown
to have higher body sways within this interval than
normal subjects (27,36,37).

In particular, since ipsilesional VOR gain values were
homogeneous between the various groups of UVH
patients—suggesting that cognitive decline possibly does
not account for the weakness of such a reflex—central
signal integration was found to be processed differently
within different stages of cognitive decline. This aspect
could represent an intriguing point of the present study
considering that the vestibular system—which is intrin-
sically highly convergent with other sensory and motor
signals (38) and primarily embedded into reflex genera-
tion for spinal and ocular-motor control (39)—interacts
with various cognitive processes such as spatial
Copyright © 2018 Otology & Neurotology, Inc. Unauthorized

TABLE 3. Correlation analysis between cognitive and significant
UVH partic

MMSE ADAS-cog

MMSE 1

ADAS-cog 0.93 1

surf CE �0.84 �0.75

PS LF CE Y �0.79 �0.74

DHI �0.95 �0.92

The table depicts significant r-value ( p < 0.05, two-tailed) of correlations
measures when merging together all UVH participants.

DHI indicates Dizziness Handicap Inventory (total score); CE, closed eye
mental state exam; ADAS-cog, Alzheimer’s Disease Assessment Scale orien

Otology & Neurotology, Vol. 39, No. xx, 2018
navigation, space perception, body representation, men-
tal imagery, attention, memory, risk perception, and even
social cognition (6,12,14,39,40).

In this scenario, the link between the vestibular
system and cognitive domains is further supported
by the findings that projections by the vestibular
system may occur at different stages in the processing
stream (41), especially in the temporal lobe and hip-
pocampus involved in memory and spatial orientation
(22,42,43). These notions are confirmed by neuroim-
aging studies showing hippocampal atrophy and spatial
navigation task deficits (44) in bilateral vestibular loss
patients (42) and vestibular-lesioned animal models
(22,45). On the other hand, the cortical inhibitory
sensory-sensory interaction and reduced excitability
of the V5/MT area (46) were found to have a potential
aging-related role in information processing-balance/
vestibular interference (47,48). By means of these
notions it has been understood that descending and
ascending neural influences may exist between the two
systems inducing cognitive and postural changes,
respectively (47).
 reproduction of this article is prohibited.

otoneurological and self-report measures in the whole group of
ipants

Surf CE PS LF CE Y DHI

1

0.72 1

0.86 0.78 1

between cognitive and significant otoneurological and self-report

s; PS, power spectra; LF, low frequency; Y, Y plane; MMSE, mini-
tation-related subscale.
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FIG. 3. Single-patient plotted scatterplots of correlations (A) between surface of the ellipse of confidence during closed eyes condition (CE)
and Mini-Mental State Exam (MMSE) scores, (B) between low-frequency power spectra during CE on Y plane and MMSE, (C) between
surface of the ellipse of confidence during CE and Alzheimer’s Disease Assessment Scale (ADAS-cog) orientation subscale, and (D)
between low-frequency power spectra during CE on Yplane and ADAS-cog orientation subscale in unilateral vestibular hypofunction (UVH)
elderly, mild cognitive impairment (MCI) and Alzheimer’s disease (AD) patients.
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The vestibular-hippocampal connections underlying
the association between vestibular loss and dementia
are supported by previous studies reporting impaired
caloric responses in 12 AD patients compared with
younger controls (49), progressively increased ante-
rior-posterior sway in MCI and AD patients compared
with healthy people (32), and lower mean amplitudes in
sacculocollic reflex in cognitive impaired patients com-
pared with age-matched controls (50). These suggestions
are further corroborated by studies demonstrating that
individuals with dementia without previous peripheral
vestibular lesions already have poorer function of both
otolith organs than controls, with relative preservation of
horizontal canal function (22). Owing to their exclusively
thalamocortical projections, neurons involved in otolith
processing (and related ascending and descending path-
ways for postural control) may be argued to be a possible
link between cognitive and postural rearrangement
decline (22,51). In line with these notions, the present
study reinforces these findings suggesting progressive
cognitive-related difficulties in central processing of
postural sway after a peripheral vestibular hypofunction.

Further evidence of these aspects resides in the partic-
ular correlations shown in Table 3 and Figure 2. When
combining all the UVH patients, significantly negative
correlations were found between both MMSE and
ADAS-cog and i) surface in closed eyes condition and
ii) PS values within low-frequency interval on the Y
Copyright © 2018 Otology & Neurotology, Inc. Unaut
plane in closed eyes condition. Considering that no
differences in terms of VOR gain and age were found,
the progressive increase in surface and vestibular-related
PS along with the cognitive decay phenomenon may
provide greater insight into the central processing rear-
rangement of corticospinal activity in the elderly (52).
This postural attitude change might be identified in those
increases in plantar flexor activation and greater antago-
nistic dorsiflexor coactivation (52,53) which may stem
from both the above-mentioned age-related decay in the
vestibular, proprioceptive and visual systems (53,54),
and the cognitive-related deterioration of those executive
functions pivotally involved in maintaining postural
balance with aging (10,55).

Finally, in line with postural abnormalities, in this
study the AD and MCI patients demonstrated poorer
quality of life surmised by the worse scores demonstrated
in DHI, ABC, and DGI scales and by the negative
correlation between both MMSE and ADAS-cog and
DHI scores. These findings extend further previous
results, postulating a high level of association between
age, cognitive decline, vestibular impairment, and inabil-
ity to perform daily living activities (41,56). As the
vestibular physiological decline has been found to be
age-dependent (3) and vestibular dysfunctions further
account for a high percentage of interruption of daily
activities in adults (57), the decrease on DHI, ABC, and
DGI scales could be possibly related to those physical,
horized reproduction of this article is prohibited.
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cognitive, and sensory impairments which accrue with
increasing age and do not compensate for the vestibular
impairment (41,58).

In conclusion, although uncertainties regarding physi-
ological central vestibular overcompensation—rather
than vestibular perception decay—in response to periph-
eral degeneration still remain to be experimentally elu-
cidated (53), the present study further evaluated how
vestibular network streams could be differentially coun-
terbalanced in UVH patients progressively affected by
cognitive decline. These aspects, considering the higher
risk of falls possibly induced by physiological cognitive-
related postural decline (32) combined with reduced
balance control due to chronic vestibular impairment,
could be evaluated as predictive scores to devise future
rehabilitative protocols to prevent the social and clinical
burden of bedridden elderly subjects.

Limitations of the Study
The present work suffers from some limitations that

have to be elucidated to adequately interpret the main
findings resulting from the methods applied in the study.
First, some factors (adherence to the study, selection of
unilateral vestibular deficits, etc.) reduced the possibility
to enroll a larger sample size of patients in which UVH
and cognitive decline occurred. This aspect, together
with the absence of the implementation of an exact test
of goodness-of-fit, has to be borne in mind when consid-
ering the results. Further limitations of this study regard
the usefulness of many tests involved in the diagnosis and
staging of cognitive decline. Most of them (such as
MMSE) are more sensitive in differentiating healthy
from affected subjects rather than in discriminating the
level of cognitive decline (18), and many of these may be
influenced by the clinical setting and the operator (59).
For these reasons, it is difficult to identify sharp demar-
cations between normal cognition and MCI and between
MCI and dementia, despite the fact that the literature
considers these as pivotal stages in clinical diagnosis and
staging. Therefore, it is not enough to implement these
tests alone, since a wide and appropriate clinical judg-
ment must be used—according to the clinical criteria also
applied in this work—to make these distinctions (17).
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Appendix A

Core function implemented in Matlab to obtain fast
Fourier transform of X and Y oscillations. The symbols
‘‘%’’ and ‘‘s’’ represent a Matlab comment and X or Y
oscillations, respectively:

L¼ length (s) % s vector of signal values
Fs¼ 25; % Sampling frequency
NFFT¼ 2^nextpow2 (L); % Next power of 2 from

length of s
f¼Fs/2�linspace (0,1,NFFT/2þ1);
S¼ fft (s,NFFT)/L; % FFT of a signal s
modS¼ 2�abs (S (1:NFFT/2þ1));
ms¼max (modS);
S_norm¼modS/ms;
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